ABSTRACT: Electromagnetic field localization in nanoantennas is one of the leitmotivs that drives the development of plasmonics. The near-fields in these plasmonic nanoantennas are commonly addressed theoretically within classical frameworks that neglect atomic-scale features. This approach is often appropriate since the irregularities produced at the atomic scale are typically hidden in far-field optical spectroscopies. However, a variety of physical and chemical processes rely on the fine distribution of the local fields at this ultraconfined scale. We use timedependent density functional theory and perform atomistic quantum mechanical calculations of the optical response of plasmonic nanoparticles, and their dimers, characterized by the presence of crystallographic planes, facets, vertices, and steps. Using sodium clusters as an example, we show that the atomistic details of the nanoparticles morphologies determine the presence of subnanometric nearfield hot spots that are further enhanced by the action of the underlying nanometric plasmonic fields. This situation is analogue to a self-similar nanoantenna cascade effect, scaled down to atomic dimensions, and it provides new insights into the limits of field enhancement and confinement, with important implications in the optical resolution of field-enhanced spectroscopies and microscopies.
M
etallic nanoparticles are key in the development of nanooptics. The ability of the conduction electrons to collectively oscillate produces surface charge density oscillations in nanoparticles, so-called surface plasmons, that couple very efficiently to light, producing subwavelength localization and large enhancement of the optical fields induced at the nanoparticles. 1−6 Nanooptics with localized surface plasmons has thus boosted a variety of technological applications in which the intense electromagnetic fields can assist in enhancing the signal from vibrational spectroscopies, 7−10 improving the performance of solar cells, 11, 12 optimizing the active control of nanodevices, 13−16 or implementing noninvasive thermotherapies in medicine, 17 among others. In all of these applications, the optical response that determines the properties of plasmonic surface modes is typically determined in the framework of classical electrodynamics, by solving Maxwell's equations for a particular material, shape, size, and environment. In this way, for instance, plasmonic modes of spherical nanoparticles, 18, 19 nanoshells, 20 nanorings, 21 nanorods, 22−25 nanostars, 26, 27 dimers, 3, 28, 29 or particle oligomers 30, 31 have been routinely estimated during the last years. The mode volumes typically reached in these structures are in the range of some tens of nanometers, and the actual degree of their field confinement is determined by the morphology of the nanostructure (curvature, thickness, interaction between different particles, etc.), 5,32−34 The effective squeezing of electromagnetic energy into these nanometric dimensions has triggered out referring to plasmonic nanostructures as optical nanoantennas. 35, 36 As nanotechnology reaches a control of nanoarchitectures at scales of the order of the nanometer and even subnanometer, 37−41 nanooptics is called to face new regimes of interaction, where the atomic scale needs to be considered to correctly determine the optical response of the nanosystem. Optical processes at the atomic scale can be critical in many branches of nanoscience such as in field-enhanced photochemistry, 42−45 in single molecule spectroscopy, 8,46−49 or in electronics at optical frequencies. 38,50−53 Most of these situations require a complete theoretical framework that accounts for the quantum nature of the electrons in their interaction with light. Time-dependent density functional theory (TDDFT) 54, 55 provides the adequate framework to tackle the optical response of plasmonic nanoantennas where the complex nonlocal screening, 56,57 the smooth electronic density profile at the metal interface, 58 quantum size effects, 59−61 and electron tunneling across metallic nanogaps 62, 63 can be properly considered. Furthermore, an atomistic description of the nanostructures 64 can address the effect in the optical response of atomic-scale features at the surfaces such as the presence of protruding atoms, steps, vertices, or edges at the contact of crystallographic planes. Although these atomic-scale effects might be sometimes masked in experimental far-field techniques, they are very relevant in spectroscopy techniques that directly rely on the ultrafine details of the near-field intensity and distribution.
Here we theoretically show how the atomic features at the surfaces of plasmonic nanoparticles do localize electromagnetic fields down to atomic-scale dimensions showing resonant (plasmonic) and nonresonant (lightning rod effect) field enhancements that alter the standard conception of localization of plasmonic fields. With help of our TDDFT calculations, we show near-field maps of plasmonic nanoparticles and their dimers, which produce atomic-scale hot spots superimposed to the plasmonic resonances. These are the atomic-scale analogue of the lightning rod effect, 65−67 which can also be understood as the atomistic limit of the classical field divergence at an infinitely sharp metallic tip. Indeed, the sharpest possible structure would be set by a vertex ending with a single atom. The quantum description of such system, where the nonlocal screening of conduction electrons is included, 68 sets a limit for the attainable field enhancement. However, when this effect is combined with the overall field enhancement given by a plasmon resonance, we show here that very intense and localized atomic-scale hot spots can be obtained. The presence of these hot spots has been proposed and even exploited experimentally in subnanometer-resolved surface-enhanced optical spectroscopies. 49,69−72 An accurate description of the physical properties of atomic-scale local near-fields has been elusive to date due to the limitations of classical and quantum descriptions that, even if capable of correctly reporting the main trends of the response, are typically based on strong approximations either on the electromagnetic boundary conditions or the atomic structure of surfaces. Our calculations provide a faithful description of the actual near-field induced in metallic interfaces considering realistic atomic structures, unambiguously resolving the near-field features at the hot spots with unprecedented resolution and detail. We can thus quantify the level of confinement of the near fields relevant in complex photochemical processes and near-field spectroscopies. Our results indicate that, at the vertices and edges formed at the contact of different facets, it is possible to localize plasmons with subnanometric resolution and beat the typical plasmonic confinement imposed by the nanoparticle size. Thus, similar to cluster and surface science where the distinct electronic properties of atoms at steps and edges between crystallographic facets have been extensively considered, e.g., in the context of reactivity, 73−76 the atomic-scale structure of plasmonic interfaces appears as a new arena of research. The extreme plasmon-localization reported here might allow to implement and exploit novel probes, capable to provide ultraresolution and reach access to information on single molecules.
We apply our atomistic calculations to obtain the optical response and the near-field distribution in a single Na 380 cluster, as well as in dimers formed by two Na 380 clusters. This is the largest cluster size for which the global minimum icosahedral symmetry (as described using an effective Murrell−Mottram potential 77 ) is available. 78 We took this structure 79 as a starting point for further ab initio relaxation using density functional theory (DFT), as implemented in the SIESTA code, 80, 81 within the local density approximation 82 (LDA). The resulting atomic structure of the Na 380 cluster is very similar to the initial one, although it has a higher density due to the well-known underestimation of the sodium lattice parameter by LDA. 83 This result confirms that the selected structure is stable and at least corresponds to a local minimum of the DFT energy landscape of Na 380 . Subsequently we obtained the TDDFT linear optical response of the cluster within the so-called adiabatic local density approximation, i.e., using the LDA exchange-correlation kernel. The calculations were performed Figure 1 . Induced-field enhancement, |E ind |/E 0 , with E 0 the amplitude of the incident field, in the proximity of a Na 380 cluster and a jellium sphere (r s = 2.12 Å) of radius R = 15.57 Å. The induced field is represented in the (y, z) plane, that passes through the center of the cluster/sphere. Top panels show the results at the dipolar plasmonic excitation (at 3.35 and 3.16 eV, for the atomistic and jellium models, respectively), (a) for a polarization of the external field along the y axis, (b) along the z axis, and (c) along the y axis, (although the response is isotropic in the jellium case). Panels d−f show the same information as a−c for an energy of the exciting field out of resonance (2 eV). The orientation of the Na 380 particle with respect to the coordinate axis is clarified in Figure S1 in the Supporting Information.
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Nano Lett. XXXX, XXX, XXX−XXX B using an efficient iterative scheme 84−86 that allows to obtain the optical response at the TDDFT level for large clusters and molecules with moderate computational resources. 87 The technical details of the method can be found in the Supporting Information. The results of our atomistic simulations are compared to TDDFT-LDA simulations performed for Na clusters described within the jellium model (JM). 63 In the JM only the valence electrons are treated explicitly, and the ionic cores are represented through an homogeneous positive charge density bound by the cluster boundary (jellium edge). In the comparison, we use JM spheres of radius 15.57 Å and fix the averaged electron density to that of bulk Na (Wigner−Seitz radius r s = 2.12 Å). The resulting closed-shell JM cluster contains 398 electrons and is similar in size to the Na 380 cluster tackled in the atomistic calculations.
We first explore the atomic-scale near-field confinement in a single plasmonic nanoparticle, constituted here by a Na 380 cluster. The polarizability of the Na 380 cluster obtained with the atomistic simulations shows a well-defined plasmonic peak near 3.35 eV, associated with a typical dipolar excitation along the axis of the external driving field. Further technical details of the calculation are addressed in the Supporting Information. Figure 1 shows the local near-field distribution around the Na 380 cluster for different polarizations of the incident field of amplitude E 0 , both at the dipolar plasmonic resonance energy (panels a−c) and out of resonance (panels d−f). The orientation of the cluster relative to the external field is further clarified in Figure S1 in the Supporting Information. We show the data in the (y, z) plane passing through the center of the cluster for two different incident linear polarizations (along y axis in panel a and along z axis in panel b). As observed in the plots, when the atomistic structure is accounted for, the near fields dramatically depend on the cluster orientation with respect to the polarization direction. Even if the general dipolar pattern of the induced fields is preserved, the underlying icosahedral geometry of the atomic arrangement can be clearly recognized. Most importantly, we can clearly identify subnanometric "hot-spots" characterized by strongly localized fields at the metal-vacuum interface. The enhancement at these "hot-spots" is not dramatically larger than that of the overall background of the plasmon-enhanced near fields, but it carries a very distinctive localization with it. The "hot-spots" of the Na 380 cluster in panels a and b are related to the atomic-scale vertices and edges of the icosahedron cluster structure. Obviously, a quantum (or classical) calculation that considers smooth surfaces and thus ignores the atomistic nature of the particles cannot address these subnanometric features in the near fields, and misses the description of atomic-scale field localization. This is illustrated in panel c where the results based on the JM for the perfectly spherical cluster are shown for comparison. In this case, the induced fields are independent of the cluster orientation with respect to the incident field and feature the Figure 2 . Panels a−d show the spectral evolution of the absorption cross-section of the plasmonic dimers depicted in e−g, and a dimer of jellium spheres (h), for a polarization of the incident field along the dimer axis as a function of separation distance between the particles, d sep . The hybridized bonding dipolar plasmon (BDP), the charge-transfer plasmon (CTP) mode, and the quadrupolar plasmon (QP) model are identified in the spectra. Separation distances lower than 1 Å and negative distances represent overlapping clusters and have been modeled in a−c by modified geometries in which atomic layers of one of the clusters are subsequently removed (region A, one layer removed; region B, 2 layers; region C, 3 layers). Panels e−h show the distribution of the local induced-field produced in the (y,z) plane containing the axis of the dimer for an energy in resonance with the BDP and for a separation distance of 10 Å: (e) the gap is formed by a facet-to-facet junction, (f) facet-to-tip, and (g) tip-to-tip configurations. In (h) the same situation for a dimer described by the jellium model is displayed.
Letter typical smooth dipolar pattern of the plasmon induced along the polarization direction (y-axis chosen here). While outside the cluster the TDDFT-JM description is very similar to the classical Mie 88 results for a metal sphere described with a Drude dielectric function, quantum effects are apparent inside the cluster where the screening of fields is accompanied by Friedellike oscillations. 89 Remarkably, in the atomistic results we observe an atomicscale lightning rod effect 65 that can be related to the macroscopic lightning rod effect 66, 90 resulting from the classical field divergence at infinitely sharp tips. The atomistic structure of the material naturally sets a quantum constraint to the notion of "infinitely sharp" since, obviously, an effective curvature radius cannot be smaller than that given by the electron density profile of the single atom. The local dipoles responsible for the subnanometric field confinement are formed by the collective response of the protruding groups of atoms screened by the rest of the cluster. Therefore, at resonance excitation conditions, the near field structure of the cluster, as obtained from our atomistic calculations, can be understood as a combination of two effects: (i) the overall plasmonic nearfield enhancement at the dipolar mode, and (ii) the atomic scale lightning rod effect which arises because of the presence of vertices and edges between the atomic planes forming the cluster surface, and allowing to further focus the energy into an extremely small area. We can thus establish an analogy with the macroscopic self-similar plasmonic nanoantennas, where larger antennas produce further enhancement on the smallest ones, like in a plasmonic lens. 91−93 Here, the subnanometer "hotspots" induced around atomically sharp features are fed in a cascade fashion by the plasmonic field of the larger and smoother nanometric plasmonic system (hosting particle or dimer).
The lightning rod effect can be isolated in the absence of a plasmonic resonance. We illustrate this in Figure 1d −f where we plot the near-field distribution around the Na 380 cluster, obtained for incident plane wave irradiation off resonance with the plasmonic dipolar mode. Except for this change of wavelength, we used the same conditions regarding polarization, geometry, and atomistic or jellium modeling of the cluster, as in panels a−c. In the off-resonance situation, the atomic-scale "hot-spots" are still present for the Na 380 cluster for both polarizations, providing a substantial local enhancement that extends a few angstroms from the cluster surface. In this case, the lightning rod effect is isolated from the plasmonic effect, even though overall, in the absence of the resonant dipolar plasmon mode, the induced near fields are several times weaker, which also holds for the "hot-spots" regions.
We emphasize next the importance of atomic-scale features in a canonical structure in plasmonics, the metallic nanogap. By placing two metallic nanoparticles together, we can create a plasmonic nanogap where the coupling of plasmonic modes generates new hybridized solutions that are red-shifted with respect to the original resonances of the individual particles. 3, 94 In Figure 2 we analyze the importance of the atomistic details of the nanogap by selecting results obtained for three main configurations that present different terminations of the interfaces at the gap: (i) facet-to-facet, (ii) tip-to-facet, and (iii) tip-to-tip. For completeness, we also consider the case of a dimer formed by two jellium spheres, thus forming a nanogap bound by smooth surfaces. The spectral behavior of the nanogap resonances as a function of the interparticle separation distance, d sep , is displayed in Figure 2a −d, where we plot the absorption cross-section, σ abs , for each case: (a) facet-to-facet, (b) tip-to-facet, (c) tip-to-tip, and (d) jellium. The polarization of the incident field is set along the dimer axis.
The corresponding atomistic structure of the different nanogap models can be found in Figure 2e −g, along with the distribution of the induced near-field for an interparticle distance of 10 Å, evaluated at the BDP resonance frequency for each type of gap. In the case of the atomistic calculations, the separation distance, d sep , is measured between the closest atoms across the gap. Separation distances smaller than 1 Å, as well as negative distances (corresponding to the case of overlapping clusters 3 ), have been modeled using modified structures in which atomic layers are successively removed from one of the clusters (areas marked with A, B, and C at the bottom of panels a−c). More information on the actual structures can be found in the Supporting Information. For a consistent comparison, in the jellium case we also consider the separation distance as defined from the surface atomic layers rather than from the jellium edges.
In Figures 2a−d we can distinguish clearly the evolution of the hybridized bonding dimer plasmon (BDP) for each gap configuration: the BDP redshifs as the separation distance between the nanoparticles decreases. 3, 28, 29 Consistent with previous descriptions, this trend holds down to separations of the order of a few angstroms. When the particles are even closer together, the system enters a new regime due to the emergence of the tunneling current across the gap at optical frequencies. 62, 63, 95 In the quantum tunneling regime, the BDP is progressively screened, and it disappears from the spectrum. For increasing current across the gap, charge-transfer plasmons (CTPs) 96 that correspond to the polarization of the entire dimer with interparticle charge transfer, emerge. Despite the common general trends for the three atomistic calculations, remarkable differences arise with regard to the exact separation distance where the quantum effects occur. For the same separation distance d sep , in the facet-to-facet configuration the tunneling current is larger because of the larger contact area. Thus, the BDP disappears and the CTP emerges at the largest separation distances, (6 and 4 Å, respectively). In the configurations characterized by the presence of a tip, the tunneling current is confined mainly to the area around the tip, thus the overall tunneling current is smaller. As a consequence, smaller separation distances, d sep , are required for the quenching of the BDP and appearance of the CTPs in such cases, as clearly observed in Figure 2b and c.
We now explore the influence of the different atomistic configurations of the plasmonic gap on the near-field distribution at the resonance position. In Figure 2e −h the induced near-fields are shown in the (y, z) plane of the dimer passing through the centers of the nanoparticles for the facetto-facet (e), tip-to-facet (f), tip-to-tip (g), and jellium spherical (h) configurations. The width of the gap is set in all the cases to d sep = 10 Å, with incident light in resonance with the hybridized BDP corresponding to the position marked with a green dot on the spectra to the left. The Coulomb coupling between induced charges of opposite signs across the gap leads to a strong localization and enhancement of the near fields in the gap. This effect is widely exploited in surface-enhanced spectroscopies and microscopies. Overall, the nanometric near-field distributions obtained in the full atomistic calculations at the BDP frequency show similar gross features to those in the JM calculations. However, the exact atomistic structure of the junction determines the details of the near-field distribution,
Nano Lett. XXXX, XXX, XXX−XXX and in particular the appearance of the extremely localized "hot spots". As observed in Figure 2e , the gap characterized by a facet-to-facet configuration features a well-defined and homogeneous field enhancement that extends over the entire gap, as expected from a scaled parallel plate capacitor. The lateral localization of the hot-spot between the particles is thus determined by the corresponding nanometric facet size. Albeit much less intense, atomic-scale hot spots can be also identified at the edges and vertices of the different facets of the nanocrystal surfaces, both near and opposite to the plasmonic gap. These are due to the atomic-scale lightning rod effect, similar to that found in Figure 1 for the single particle.
Compared to the JM with a perfectly spherical geometry, atomic-scale features at the cluster facets increase the Landau damping of the BDP and thus broaden the plasmon resonance peaks (see Supporting Information). A remarkable situation is achieved when exploiting the atomic-scale lightning rod effect in a tip-to-facet or in a tip-totip configurations in the gap (Figure 2f and g ). In such situations, the tip-induced enhancement is superimposed on the already intense background field of the plasmonic resonance, producing a further increase of the value of the enhancement, and more importantly, an extreme localization of this local near-field down to an extension of a few angstroms. This extreme confinement of the fields is missed in the JM model that assumes a smooth density profile, as shown in Figure 2h . By means of our realistic atomistic calculations, we have thus shown that atomic-scale hot spots are possible, and they may be relevant to allow superresolution in a variety of experimental near-field techniques. 49, 70, 71 To analyze the field enhancement induced at each of the plasmonic cavities quantitatively, we show in Figure 3 the maximum induced near-field enhancement at resonance in the middle of the gap, |E ind max |/E 0 (panel a), and the effective localization area of the near-field, (panel b), as a function of the gap separation d sep . We have chosen to plot and analyze the field distributions at those resonance energies that produce the largest maximum of the induced near-field at each configuration. Thus, for the tip-to-facet and tip-to-tip gaps we follow the BDP-QP mode around 3 eV, whereas for the facet-to-facet configuration data, for d sep ≤ 5 Å, we follow the CTP mode appearing at lower energies. The local near-fields are obtained for the same configurations and light incidence as in Figure 2 . The maximum enhancement is found in all the cases for d sep ≈ 7 Å (see Figure 3a) . As discussed in detail in the Supporting Information, when the gap size is reduced below this value, the electron tunneling neutralizes the plasmon-induced charges at the metal surfaces across the gap, and reduces the induced fields. 62, 63 For larger separations, the coupling between the plasmons of the individual particles becomes smaller thus the field enhancement progressively decreases, and the differences due to the atomic-scale features are also attenuated. When atomic-scale tip(s) is (are) present in the junction, the maximum near-field enhancement is about 1.5 times larger than that of a facet-to-facet configuration (red and blue lines vs green line in Figure 3a) , emphasizing the importance of the fine details of the gap.
Together with the absolute value of the field enhancement, the confinement is an aspect of particular interest in nanophotonics. In Figure 3b , we plot the effective localization area, , of the BDP for each atomistic configuration. is defined according to the following expression:
where |E ind (x, y, z)| is the modulus of the induced field in a thin slab of volume V and thickness h = 0.63 Å along z direction, centered in the middle of the gap. |E ind max | is the maximum value of the field in the integration volume. Therefore, provides a measure of the effective area in which the induced field is localized in the (x,y) plane in the middle of the gap. The results are plotted in Figure 3b as a function of separation distance, for the same excitation wavelengths used in Figure 3a . As expected, the three different atomistic configurations show maximum localization of the BDP mode at separations of about 7 Ångstroms, corresponding to the separation of maximal enhancement described above. For smaller separation distances, when the tunneling current is established, the field is expelled out from the gap and thus becomes less localized. 49 The tip-totip morphology, for which the lightning rod effect is more pronounced, provides the strongest localization among all. The of the local field in the midplane of the gap as defined in the text (eq 1) for each of the three configurations. As a reference, the localization of the BDP for a pair of spherical particles given by a classical calculation is displayed as a dashed line. The plotted data correspond to the resonance energies that produce the largest maximum of the induced near-field for each configuration and distance. For the facet-to-facet case this corresponds to the CTP mode for d sep <5 Å. For the tip-to-facet and tip-to-tip gaps we follow the BDP and QP modes around 3 eV. The different dependence of on d sep for the BDP and QP modes is clearly visible in the singular behavior of the data around 4 Å for the tip-to-facet case, which is almost undetectable in the more gradual BDP-QP transition of the tip-to-tip gap. , clearly indicating that the plasmonic fields can be localized down to lateral dimensions of a few thousandths of the incident wavelength with the help of an atomic feature. This value of is up to 4 times smaller than that for the facet-to-facet configuration, for the same d sep = 7 Å.
For reference purposes, we also plot in Figure 3b , as a black dashed line, the localization corresponding to a classical calculation of the BDP in a gap formed by spherical particles of the same size, and characterized by a Drude-like response that corresponds to the same electronic density as in the atomistic calculations. As observed in the figure, the localization in this case tends linearly to zero for small d sep . This unphysical result is due to the lack of dynamical screening and tunneling in the classical description. It is interesting to note that all the systems show a linear dependence of the localization with separation distance, as the gap is opening. This is a reminiscence of the two effects involved: the overall plasmonic effect, plus the atomistic effect. The classical estimation in spherical particles indeed establishes a reference for the behavior of the localization at the different atomistic gaps: when an atomic-scale tip is present in the gap, the linear dependency is pushed below this classical result (larger slope of red and blue lines). However, for the case of a facet-to-facet gap, the linear dependency shows a smaller slope, setting values of the localization area that exceed those of the confinement by classical spherical surfaces. In this case the minimal localization area of the field is approximately given by the surface of the facet, as one would expect for a flat capacitor. Therefore, our classical result for the induced-field localization establishes a good benchmark to distinguish between subplasmonic and plasmonic localization, depending on whether the linear tendencies show a more or less pronounced change, respectively, compared to the classical reference of spherical particles.
As a further remark, it should be noted that the presence of subnanometric "hot spots" may only weakly affect , as defined by eq 1, in large plasmonic systems because the integral will be dominated by the overall plasmonic field structure in the gap. This is actually one of the reasons why plasmonic enhancement is a robust and reliable tool in many standard field-enhanced spectroscopies. Nonetheless, such local behavior at the atomic scale could be important to determine the precise properties of the near field at particular positions, probed, for example, by molecular targets 69, 72 or by electron emission, 97 which are extremely sensitive to these spatial inhomogeneities independently of how large the plasmonic background is. The quantitative analysis of the evolution of the near fields with the gap size performed in Figure 3 is further illustrated in Figure 4 and Figure 5 which allow for a more intuitive insight into the role of the atomistic structure on the localization. In Figure 4 , we plot the distribution of induced near fields in the (y, z) plane containing the centers of the nanoparticles. The results are shown for the facet-to-facet (left column), tip-tofacet (middle column), and tip-to-tip (right column) configurations of the nanogap. Three separations, d sep = 20 Å (top row), d sep = 6 Å (middle row), and d sep = 1 Å (bottom row), are chosen here to represent respectively weak interaction, strong interaction, and strong tunneling regimes. For the largest separation, d sep = 20 Å, the coupling between nanoparticles is weak, therefore the near fields around each nanoparticle of the dimer resemble those of the individual particles, as presented in Figure 1 . Nevertheless, stronger fields at the facing surfaces across the gap can be clearly observed, indicating the onset of the hybridization of the BDP.
Atomic-scale "hot-spots" are visible all over the nanoparticle surface, particularly in regions associated with atomic edges at the contact of the crystalline facets. These "hot-spots" are apparent for the flat-facet gap (top row, left), but are even more pronounced in the presence of a tip-like geometry pointing toward the junction, and aligned with the polarization direction (middle and right). As the particles get closer, d sep = 6 Å (middle row), the field enhancement at the gap becomes very 
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For the facet-to-facet situation (middle row, left column) the enhancement is homogeneous inside the gap as a consequence of the flat-surface capacitor geometry. In contrast, when a tiplike configuration is present in the gap, it leads to a particularly strong field enhancement and to clear subnanometer localization at the center of the gap, consistent with the results of Figure 3 . For very small separation distances (bottom row), the electronic densities of the two particles strongly overlap, essentially producing a nanometric neck of continuous electron density. Therefore, the region of enhanced field is expelled to the edges of the junction. 95, 96 This is accompanied by an overall weakening of the fields in the junction region, which eventually become comparable in intensity to the hot spots at other locations of the dimer surfaces.
The evolution of the field confinement in the gap as a function of separation distance, d sep , and the corresponding change of the localization area is illustrated in Figure 5 , where the field enhancement is shown in the (x, y) midplane between the two particles for each configuration (facet-to-facet on the left column, tip-to-facet on the middle column, and tipto-tip on the right column). When the particles are far away from each other (d sep = 20 Å), a relatively broad spatial profile of the plasmonic near-field is obtained (top row). This profile is mainly determined by low order multipoles at each nanoparticle so that the features due to the specific atomistic structures of the nanoparticle surfaces are weak. For smaller separation, d sep = 10 Å, the profile of the near fields reflects the atomistic structure of the nanoparticle surfaces across the gap, showing a triangular shape for the facet-to-facet configuration, a round spot for the tip-to-tip configuration, and a round spot on top of a triangular background for the tip-to-facet configuration. As expected from the results in Figure 3 , the tip-to-tip configuration corresponds to the strongest field confinement with the smallest spot size reduced to atomic dimensions, i.e., below 1 nm 2 for d sep ≈ 6 Å. For the parallel capacitor facet-tofacet configuration, the spot profile and size change only slightly when d sep is reduced from 10 to 6 Å, and the tip-to-facet configuration features the intermediate situation (see also Figure 4 ). We thus show here that the widely accepted picture Figure 5 . Local induced-field enhancement at resonance in the midplane of the gap between two Na 380 clusters for our three configurations, facet-tofacet gap (left column), tip-to-facet (middle column) and tip-to-tip (right column). The incident planewave is z-polarized.From top to bottom each case shows a decreasing separation distance for each configuration, from d sep = 20 Å (largely separated particles, on the top row) to d sep = 1 Å (interpenetrating situation on the bottom row). The influence of the atomic scale features at the nanogaps is directly noticeable.
Letter of the overall reduction of the localization area for smaller d sep , as obtained from previous studies for smooth particles, 62, 95, 98 has to be taken with caution, as it can be altered by the atomistic structure of the gap. For d sep below 6 Å (lower rows), the tunneling current expels the fields from the middle of the gap. This effect is particularly nicely observed for the CTP mode in the facet-to-facet configuration.
In conclusion, by means of first-principles full-atomistic TDDFT calculations, we have demonstrated that the distribution of the near-field close to plasmonic nanoparticles presents subnanometric hot spots that reflect atomic-scale features at the nanoparticle surface. In our case, these features consist of vertices and edges at the contact of the crystallographic facets of the particles. In particular, for the plasmonic dimer, we have shown that the field localization and enhancement inside the plasmonic nanogaps can be very different depending on whether the distribution of the atoms at the gap defines a flat surface, or presents atomic-scale tip-like protrusions. We obtain that the far field also depends on the atomic configuration but in a less marked fashion as expected.
Our findings provide new insights into the limits of plasmonic localization. The presence of atomic-size features, e.g., formed by edges and vertices between crystalline facets in a nanoparticle, gives rise to near fields localized in regions with linear dimensions of a few angstroms, i.e., literally of atomic size. This effect can be related to the classical divergence of a field due to the presence of sharp edges. Indeed, the vertex ending by a single atom, as the one considered here, would be the example of the sharpest possible tip. Furthermore, the fields enhanced at the atomic-scale hot spots are intensified by the presence of the overall plasmonic background enhancement, following a cascade effect. Based on this parallelism, we can establish an atomic-scale analogy with the macroscopic plasmonic lens of self-similar antennas. [91] [92] [93] 99 As demonstrated here, in a realistic nanogap, the key features of the field enhancement can easily reach the atomic scale. Therefore, a description of the plasmonic response based on smooth interface profiles, either classical or quantum, might not be able to address this atomic-scale near-field regime. To understand and optimize certain experimental situations operating in the subnanometer-scale, it might be mandatory to develop computational schemes that account for the atomistic structural details. Such sensitivity to the atomic details of a structure could explain the lack of reproducibility between apparently similar experiments, 100 but could also provide a root for further optimization of morphologies. The resolution in optics depends on atomic-scale features at the nanoparticle(s) surface, a remarkable finding that might provide new insights into the limits of plasmon localization, and has important consequences for the limits of optical resolution in field-enhanced spectroscopies 101, 102 and microscopies. 49, 70, 71 ■ ASSOCIATED CONTENT
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